Previous research has suggested that discrete and occasional plant-level capital adjustments have significant aggregate implications. In particular, it has been argued that changes in plants' willingness to invest in response to aggregate shocks can at times generate large movements in total investment demand. In this study, I re-assess these predictions in a general equilibrium environment. Specifically, assuming nonconvex costs of capital adjustment, I derive generalized (S,s) adjustment rules yielding lumpy plant-level investment within an otherwise standard equilibrium business cycle model. In contrast to previous partial equilibrium analyses, model results reveal that the aggregate effects of lumpy investment are negligible. In general equilibrium, households' preference for relatively smooth consumption profiles offsets changes in aggregate investment demand implied by the introduction of lumpy plant-level investment. As a result, adjustments in wages and interest rates yield quantity dynamics that are virtually indistinguishable from the standard model. _____________________________________________________________________________________ *Department of Economics, University of Minnesota, 1035 Heller Hall, 271 -19th Avenue South, Minneapolis, MN 55455; jkt@econ.umn.edu. I thank John Cochrane, Aubhik Khan and Robert King for a series of discussions and suggestions that have substantially improved the quality of this work. I am also grateful to an anonymous referee,
Introduction
Recent studies have stressed the importance of infrequent and large, or lumpy, establishment-level capital adjustments in explaining the dynamics of aggregate investment. This paper reevaluates these findings, extending the analysis to allow for equilibrium prices. Specifically, I embed a generalized (S,s) model of establishmentlevel investment within an otherwise standard equilibrium business cycle model. Individual production units face random, nonconvex costs of undertaking capital adjust- A general theme running through recent literature is that the micro-level quasifixity in capital has important implications for aggregate investment and, more generally, for aggregate economic activity. Doms and Dunne (1998) show that the number of plants experiencing their primary investment episode is strongly positively correlated with aggregate investment. Building on this evidence, other authors have emphasized how the interaction of upward sloping adjustment hazards with time-varying distributions of plant-level capital can produce large effects on aggregate investment demand, as certain histories of shocks lead plants to synchronize the timing of lumpy investment projects. Caballero, Engel and Haltiwanger (1995, page 3) suggest:
If the history of shocks and microeconomic actions is such that many production units are about to enter a feverish state of investment, then aggregate investment becomes very responsive to further shocks.
Caballero (1999, page 28) elaborates, providing the following example.
Suppose that a history of mostly positive aggregate shocks displaces the cross sectional distribution of imbalances toward the high part of the hazard. Such a sequence of events will not only lead to more investment along the path but also to more pent-up investment demand; indeed the cross sectional distribution [of capital imbalances] represents unfulfilled investment plans. But as unfulfilled demand "climbs" the hazard more units are involved in responding to new shocks; incremental investment demand is more easily boosted by further aggregate shocks, or depressed by a turnabout of events.
My model contains both elements emphasized above as central in determining the aggregate impact of nonconvex micro-level capital adjustment, namely rising adjustment hazards and time-varying plant distributions. However, its results contrast sharply with those of previous studies. In particular, when the business cycle is assumed to originate from exogenous changes in aggregate productivity, the statedependent adjustment economy exhibits a striking negative result: lumpy investment has only minor consequences for the reduced-form relations between productivity shocks and real aggregate quantities. Quantity dynamics are virtually identical to those generated by a standard equilibrium business cycle model characterized by frictionless investment. Given that establishments often have lengthy periods of investment inactivity, but are able to change the timing of their investment at relatively small cost, this similarity may seem surprising.
I trace the effective invariance of aggregate quantities to the influence of general equilibrium. The permanent income theory, embedded in the model, leads to consumption series that are highly similar across economies with and without costs of 3 capital adjustment. In particular, households' preference for smooth consumption profiles restrains shifts in investment demand. This dampening force plays the predominant role in equilibrium investment determination and produces the invariance result.
The effect of equilibrium changes in relative prices upon aggregate investment demand is dramatic. Abstracting from such price adjustments, I find both quantitative and qualitative changes in the response of aggregate investment relative to the neoclassical benchmark. For example, following a persistent increase in productivity, an unusually large number of establishments synchronize the timing of their capital adjustment, and there is a strong shift in the cross-sectional distribution of plants across capital imbalances. This widespread reshuffling of investment timing causes the aggregate investment series to rise well above the level it would achieve were changes in adjustment rates suppressed. Further, it generates a series of oscillations that qualitatively distinguish the model's response. Thus, with prices held fixed, the model's predictions confirm earlier partial equilibrium findings. When markets clear, however, equilibrium price movements smooth the economy's response to such a degree that distributional effects are eliminated, and lumpy investment becomes largely unimportant to aggregate business cycle dynamics.
The organization of the remainder of the paper is as follows. Section 2 briefly reviews previous research related to the state-dependent lumpy investment model developed here. Sections 3 and 4 describe the economic environment, model solution and parameter choices. Section 5 presents the economy's dynamics relative to the frictionless neoclassical business cycle model and explains the similar results across economies. Section 6 concludes.
Related Research
Researchers have recently developed dynamic partial equilibrium models of discrete choice that achieve greater consistency with the micro-level evidence described above. Within these models, discrete investment choices are typically driven by the presence of nonconvexities, and (S,s) policies characterize investment. (Examples of (S,s) investment models include Abel and Eberly (1996) , Bertola and Caballero (1994) , Caballero and Engel (1991) and Caballero and Leahy (1996) .) Plants exhibit nonlinear responses to shocks, as periods of inactivity are occasionally broken by lumpy investments when capital's deviation from its target exceeds a tolerance level.
Abstracting from equilibrium interest and wage rate changes, such nonlinearities represent a marked departure both from the linear adjustment rules predicted by the traditional partial adjustment model, which assumes convex adjustment costs, and from the immediate convergence predicted in the absence of adjustment costs. Caballero and Engel (1999) extend the (S,s) framework, developing a generalized (S,s) adjustment model that allows for probabilistic bands of inactivity, so that the likelihood of a discrete adjustment rises in the deviation of a plant's state from its desired value, rather than jumping discontinuously from zero to one. They find that their state-dependent adjustment model significantly outperforms the partial adjustment model in explaining 2-digit U.S. manufacturing investment, and they attribute this to the model's ability to "generate brisker expansions than its linear counterparts. Despite these findings, extensions of state-dependent adjustment frameworks to general equilibrium have been limited, as it is difficult to determine equilibrium when the aggregate state involves a distribution of production units, a high-dimensional object. Thus, as noted by Caplin and Leahy (1997, page 601), One of the most limiting aspects of these models is that they focus exclusively on the impact that microeconomic inertia has on aggregate dynamics. They ignore the feedback from aggregates onto individual behavior.
My results will show that these equilibrium feedbacks dominate the distributional effects emphasized by partial equilibrium analyses.
One notable exception in the (S,s) investment literature is the model of Veracierto (1998). 2 Assuming that the resale price of investment goods is some constant fraction of the purchase price, Veracierto embeds the costly reversibility model of Abel 1 See Chirinko (1993) and Hassett and Hubbard (1996) for excellent surveys of the mixed empirical success of the partial adjustment model in explaining aggregate investment. 2 Aside from investment theory, other leading examples of equilibrium (S,s) models include the price-setting models of Caplin and Leahy (1997) Associate a production unit that last acquired new capital j periods in the past with the subscript j. Plant-level output is given by the Cobb-Douglas production function:
No plant can alter its current capital stock; a plant that last invested j + 1 periods ago produces using its predetermined capital stock k jt and employment n jt . Current productivity A t , common to all establishments, is determined by the realization of a stochastic component, z t , and a trend component, X t . The X t component evolves deterministically with growth rate Θ A , while z t follows a mean zero AR(1) process in logs.
After observing the current aggregate state and its individual adjustment cost, each plant chooses whether to undertake an investment action. If an establishment decides to adjust its capital for date t + 1 production, it pays its current cost draw, ξw t in units of output (where w t represents the real wage at date t) and chooses an appropriate investment to reach its desired capital stock. 4
In the absence of adjustment, the plant's capital stock at t + 1 is that which remains after date t production.
Each plant's current flow profit is determined by its output less wage payments, investment and adjustment costs; these flow profits are returned in lump-sum fashion to households.
A representative household owns the portfolio of plants in the economy and supplies labor. The household values consumption and leisure in each period, with momentary utility given by u(c t , L t ), and discounts future utility by the factor β.
It is endowed with one unit of time per period, which may be split between leisure L t and market activities N t . Finally, current consumption is financed with income received from the economy's plants in the form of wages and profits.
Before I proceed further in the discussion of equilibrium and model solution,
it is useful to aggregate the actions of the diverse population of plants described Next, given the large number of establishments present, each group contains a marginal plant whose cost draw makes it just worthwhile to invest. All plants of the same vintage drawing costs at or below this group-specific threshold cost also invest, implying that the investing fraction of any group, α jt , is retrievable from the adjustment cost CDF. Thus the nonconvex behavior of individual production units is conveniently represented by the fractions of plants in each group that undertake capital adjustment and the target capital stock of such plants.
At each date, the distribution of the economy's establishments across groups is summarized by two vectors. First, k t = {k jt }, the vector of capital levels across time since adjustment groups, captures the support of the distribution. Next, the fraction of plants associated with each capital level is given by the predetermined vector Θ t = {θ jt }, where each θ jt describes the number of plants currently owning vintage j capital stock, and θ 0t denotes the number of plants that adjusted capital after production in the previous period. The evolution of the cross-sectional distribution over time is determined as follows. The support at time t + 1 is determined through (4) and adjusting plants' common choice of k 0,t+1 . Next, let α t = {α jt } denote the vector of adjustment rates. The fraction of plants associated with each point in the support at t + 1, Θ t+1 , is summarized by equations (5) and (6) below and illustrated in figure 1.
Membership in time-since-adjustment group 0 at date t + 1 is determined by the fraction of all plants investing at date t, the population-weighted sum of adjustment fractions from each group. Membership in the remaining groups is governed by nonadjustment fractions; plants of each vintage j that do not adjust at date t become vintage j + 1 plants in the subsequent period.
In addition to the evolution of the plant distribution, the economy is subject to a series of aggregate constraints. Household consumption cannot exceed aggregate production net of the investments made by all adjusting plants,
Hours worked by the household must satisfy the weighted sum of employment in production and adjustment activities across groups,
where Ξ(α jt ) is the average adjustment cost paid from each group, conditional on the fraction of plants investing.
Competitive equilibrium allocations are determined through the solution of a planning problem. Specifically, the equilibrium allocation for the economy solves the following Bellman equation,
where the optimization is subject to aggregate goods and labor constraints in (7) and (8) - (9), plant-level production (1) , and the evolution of the distribution of capital (3) - (6) . Expectations are rational and consistent with (2) .
The solution to the planning problem satisfies a series of efficiency conditions. As is standard, consumption is chosen such that the marginal utility of consumption is equated to the shadow value of output (the multiplier on the goods constraint (7)) denoted λ t , and total labor hours equate the marginal rate of substitution between leisure and consumption to w t (the multiplier on the time constraint (8)) which represents the real wage.
Plant-level employments in production satisfy the familiar static condition for labor choice under Cobb-Douglas production.
The remaining efficiency conditions describe optimal adjustment fractions and target capital choice. Note that the finite upper support for the cost CDF, combined with a constant rate of capital depreciation making investment increasingly valuable across vintages, implies that the economy's history is redundant beyond a finite number of lags. Once a plant's capital stock has sufficiently depreciated, the value of investing eventually offsets the highest possible fixed cost. Thus, the stationary distribution of plants is characterized by an endogenously chosen vintage J by which full adjustment occurs: α J = 1. For j < J, optimal adjustment fractions are interior solutions equating the anticipated value of adjusting one additional plant from group j to the additional adjustment cost entailed, w t · G −1 (α jt ) in units of output, and investment required. That is, for j = 0, ..., J − 1,
where v 0t is the multiplier associated with (5), and v jt , j = 1, 2, ..., J − 1, are the multipliers associated with (6), representing the expected discounted value at date t of having an additional plant of vintage j at the start of date t + 1.
) as the date t probability that an investing plant will make no further investments through date t + 1 + j, and hence enter date t + 2 + j as a member of nonadjustment group j + 1. This represents the probability that the date t investment level will continue to affect profits in each future period through date t + j + 2. The optimal adjustment level is the investment required to reach the target capital stock that satisfies (13) below, equating the marginal utility cost of foregone consumption to the expected discounted marginal utility payoff of an additional unit of future capital.
, the payoff to additional capital involves a discounted sum of the marginal effects on future profits continuing into the future until capital is readjusted. Hence the choice of target capital is dependent on expectations about a potentially long stream of future wages, interest rates, productivity levels and adjustment rates.
Model Solution and Parameter Choices
Quantitative evaluation of the economy's business cycle behavior requires numerical methods to solve the model. The first step in the algorithm is the computation of a steady state. This computation requires the specification of a functional form for utility. Following Hansen (1985) and Rogerson (1988) , I assume indivisible labor.
The representative household's momentary utility is u(c, L) = log c + ζL.
Along the balanced growth path, the technological frontier grows at rate
At ≡ Θ A , and the stochastic component z t is at its mean. The economy is detrended, and time series are expressed in terms of their trend deflated counterparts. After elimination of variables through substitution, the steady state is described by a system 
which, if not further restricted, adds 3 free parameters in the model. These are the upper support B, the parameter governing curvature Ψ and z. 5 For the results presented here, the form is restricted to imply a uniformly distributed cost, (Ψ = −1,)
leaving one cost parameter, the upper support, to be chosen. I examine more general cost distributions in an appendix to this paper.
The value of B is selected using two key pieces of evidence on investment spikes 
Results

Stationary State
14
The most noteworthy feature of this table is that adjustment fractions steadily rise across time-since-adjustment groups. The value of adjustment increases as plant-level capital depreciates, while the fraction of establishments drawing costs at or below any particular level is constant over vintages. Thus the economy exhibits the increasing adjustment hazard discussed in section 1.
Business Cycles
In this section, I consider the dynamic behavior of the state dependent ad- To further explore the apparent invariance of aggregate quantities to underlying investment timing, tables 4-7 present selected population moments implied by each 6 Here, the convex function governing adjustment costs, h(
, is parameterized to yield a steady-state elasticity of the investment-to-capital ratio to Tobin's marginal q of 5.98, as in Kiyotaki and West (1996 The discussion above raises two questions. First, given that adjustment fractions cannot respond to aggregate shocks in the constant adjustment model, why does it nonetheless achieve such similar results for aggregate investment (and hence other aggregate quantities) when compared to the state-dependent adjustment economy?
Second, how can the presence of adjustment frictions that lead to lumpy plant-level investment have so little impact on aggregate dynamics; that is, why does the statedependent adjustment economy so strikingly resemble the benchmark? To resolve these questions, I next examine the differences across economies.
Intensive versus extensive margin capital adjustment
First, in comparing the constant and state-dependent adjustment results, note that aggregate capital stock can generally be increased via two channels: the number of adjusting plants and the target capital chosen by such plants. In figure 3 , the number of investing plants rises with the productivity shock in the state-dependent adjustment economy. By construction, the number of investors does not vary in the constant adjustment economy; however, there, in contrast to the smooth and gradual adjustment in the state-dependent model, target capital for adjustors rises steeply in response to the productivity shock. Heightened precautionary investment arises because high productivity is expected to persist, but it may be some time before a current investor will be able to reinvest. This important difference in individual investment levels is the primary factor driving the models' closeness in aggregate investment for two reasons. First, the trade-off between the number of adjusting establishments and the target capital to which they adjust is quite effective despite the departure from constant returns at plant-level. Moreover, the fixed adjustment hazard in the constant adjustment model is not particularly restrictive, as the statedependent model exhibits relatively small changes in the number of adjusting plants.
I return to this unexpected lack of distributional effects below.
Prices
For each model, indivisible labor implies that the real wage is proportional to consumption. Figure 4a reveals that wage (and consumption) responses are essentially identical across models. There are more pronounced differences in interest rates, as seen in figure 4b , particularly when the constant adjustment model is compared to the benchmark or state-dependent adjustment model. Turning to table 4, note that, while relative investment volatility differs by less than one-tenth of one percent between the benchmark and state-dependent adjustment economies, the benchmark interest rate is about 1.4 percent more variable than in the state-dependent adjustment economy. Comparing the benchmark to the constant adjustment model, this interest rate gap is much larger, at sixteen percent, while there is only a two percent difference in investment volatility. Similarly, in tables 5 -7, the sharpest difference across models occurs with respect to the interest rate. These distinctions suggest that the similarities in aggregate quantities across models share in large part a single explanation, intertemporal price movements.
Consider the following. Thusfar, I have focused primarily upon the sharp differences in factor demands that arise from nonconvexities in the adjustment cost structure. Taken alone, this should necessarily imply significant differences in aggregate behavior across economies. Common across economies, factor supplies (savings and work effort) are derived from ex-ante identical representative households. Hence, the close dynamical behavior of aggregate quantities indicates a critical role for factor supply. Equivalently, it suggests the predominant importance of equilibrium.
If the primary mechanism generating similar responses across economies does so through equilibrium price movements, then model behavior should become distinct when price dynamics are removed. Figure 5 presents model responses to the persistent shock described above, this time with wage and interest rate changes suppressed.
Without the smoothing effect of price changes, the response in the benchmark model 
Membership in group 0 at date t+1 (total investors at date t): θ 0,t+1 = Σ=θ j,t α j,t . Membership in remaining groups (j=1,2,...) at date t+1: θ j,t+1 = θ j-1,t =(1−α j-1,t ). 
